Human arboviral diseases have emerged or re-emerged in numerous countries worldwide due to a number of factors including the lack of progress in vaccine development, lack of drugs, insecticide resistance in mosquitoes, climate changes, societal behaviours, and economical constraints. Thus, Aedes aegypti is the main vector of the yellow fever and dengue fever flaviviruses and is also responsible for several recent outbreaks of the chikungunya alphavirus. As for the other mosquito species, the A. aegypti control relies heavily on the use of insecticides. However, because of increasing resistance to the different families of insecticides, reduction of Aedes populations is becoming increasingly difficult. Despite the unquestionable utility of insecticides in fighting mosquito populations, there are very few new insecticides developed and commercialized for vector control. This is because the high cost of the discovery of an insecticide is not counterbalanced by the 'low profitability' of the vector control market. Fortunately, the use of quantitative structure-activity relationship (QSAR) modelling allows the reduction of time and cost in the discovery of new chemical structures potentially active against mosquitoes. In this context, the goal of the present study was to review all the existing QSAR models on A. aegypti. The homology and pharmacophore models were also reviewed. Specific attention was paid to show the variety of targets investigated in Aedes in relation to the physiology and ecology of the mosquito as well as the diversity of the chemical structures which have been proposed, encompassing man-made and natural substances.
Introduction
Millions of people worldwide are infected by dengue, yellow fever, West Nile, and chikungunya viruses mainly transmitted by Aedes aegypti, leading to hundreds of thousands of deaths annually. Thus, for example, dengue fever is caused by one of four subtypes (DENV-1 to DENV-4) of an arbovirus belonging to the Flaviviridae family. The infection causes flu-like illness and can develop into a potentially lethal complication called severe dengue. Incidence of dengue has risen 30-fold in the last 50 years, and it is now endemic in more than 100 countries in Africa, the Americas, the Eastern Mediterranean, South-east Asia and the Western Pacific. The emergence and re-emergence of dengue fever have been associated with a number of factors that include insecticide resistance, climate changes, societal behaviours, and changes in public health policy. Each year, about 50-100 million people contract dengue fever with at least 500,000 cases of severe dengue leading to death in about 2.5% of cases, especially among children [1] [2] [3] .
Except for yellow fever, to date, there is no operational vaccine for the other diseases transmitted by A. aegypti. Consequently, vector control represents the only way to limit Aedes populations. However, vector control is threatened by the increasing resistance of mosquitoes to insecticides. This resistance, which is mediated by several mechanisms, has been observed with each of the major insecticide classes used in the past and present for vector control. As a result, there is a critical need to find new, environmentally safe but effective insecticides that address these problems of resistance. The search for new substances effective against mosquitoes has beneficiated from the use of in silico techniques. Quantitative structureactivity relationship (QSAR) modelling is particularly suited to propose candidate molecules for further evaluation by laboratory tests and to identify structural features and/or physicochemical properties explaining an activity [4] [5] [6] [7] [8] [9] [10] . Homology modelling approximates 3D structures to gain insights into structure-function relationships and predict binding geometries and affinities [11] [12] [13] [14] . Structural and functional genomics, which commonly use in silico tools, provide keys to find new ways to prevent the propagation of the viruses, to better understand mechanisms of insecticide resistance and to identify putative targets for the design of new insecticides [15] [16] [17] [18] [19] [20] .
The aim of this study was to review all the in silico strategies that have been used to find new chemicals active on A. aegypti. Here, the term 'active' has to be understood in the sense of leading to death directly or indirectly. This means that the search for new repellents has been excluded from this review notwithstanding their great interest and the relatively high number of QSAR and related approaches focused on them [21] [22] [23] [24] [25] .
A. aegypti is a holometabolous insect, meaning that it goes through a complete metamorphosis. The juvenile form undergoes a series of moults as it becomes larger. Each developmental stage is called instar. After the last instar, the larva undergoes a metamorphic moult to become a pupa, and then an imago. While the larval development is made in the aquatic environment, the adult, which has a life span ranging from 2 weeks to a month depending on the environmental conditions, is aerial, preferentially living in urban habitats, with a daytime activity. The ecology and physiology of the mosquitoes lead to their control at either the larval or adult stage. Larvicides are chemicals (or bioinsecticides) used to reduce immature mosquito populations when they are still in the aquatic media. They are applied directly to water sources that hold mosquito larvae. Adulticides are compounds aiming at rapidly reducing adult mosquito populations. These two categories generally include chemicals with different structural and physicochemical characteristics. They also show different environmental constraints. However, because some search strategies for new chemicals have been applied to both categories, conveniently a focus was made on the chemical categories rather than the targets to discuss the different in silico models that were derived for predicting new compounds active on A. aegypti. In addition, to better pinpoint the most innovative discovery strategies, a specific section has been made for such studies.
Juvenile hormone mimics
Metamorphosis in holometabolous insects is a complex process in which physiological, morphological, and behavioural events occur in a precisely timed manner to result in the transformation of a larva into an adult called an imago. During larval development the presence of juvenile hormone (JH) in the haemolymph at a sufficient level maintains the insect in a juvenile status, and when the JH titre falls to low levels, it signals the insect to undergo metamorphosis that is under the control of 20-hydroxyecdysone ( Figure 1 ) titre that has increased [26] [27] [28] . Reduction in JH titre occurs through a combination of a decrease in JH biosynthesis and increase in JH metabolism. JH metabolism occurs through cleavage of either its epoxide or ester moiety. The relative importance of these two pathways varies with insect species, development stage, and tissue [29, 30] . In A. aegypti, the corpora allata synthesize and secrete JH III (Figure 2 ) that regulates the development of the mosquitoes but also intervenes in the reproduction of the females [31, 32] .
Juvenile hormone mimics, also termed juvenoids, are man-made chemicals that behave similarly to the JHs. Thus, applied at critical periods, they will disrupt metamorphosis and lead to various deleterious effects in the insects. These chemicals are much more target specific than conventional synthetic pesticides, their environmental fate profile is also broadly better, and they are safe to vertebrates. The history of the juvenoids, including the main chemicals currently in use, such as hydroprene, kinoprene, methoprene, pyriproxyfen, and fenoxycarb ( Figure 2 ) has been reviewed recently [33] . Different attempts have been made to propose new JH mimics from QSAR modelling.
Juvenile hormone activity (JHA) values on last larval instars of A. aegypti, originally reported by Henrick et al. [34] for about 100 structurally diverse (2E,4E)-3,7,11-trimethyl-2,4-dodecadienoates, were used by Nakayama et al. [35] for computing different QSAR models. The JHA values originally reported by Henrick et al. [34] in ppm were converted into log 1/IC 50 = pI 50 (mmol) . Figure 3 shows the common skeleton of the 2,4-dodecadienones in which X expresses the substituents at the carbonyl C1 atom of the dodecadienone skeleton and Y is the longest one of the C11 substituents in terms of length Ly along the bond axis. The molecules were described by different steric and hydrophobic parameters and used to compute step by step various QSAR models based on different functional groups. Equation (1) represents the final QSAR model on A. aegypti selected by Nakayama et al. [35] . In Equation (1), r is the coefficient of correlation and s is the standard error of estimate. L x is the Sterimol length of the X end along the bond axis (C 1 -X). D is the maximum length of the whole molecule. B x expresses the bulkiness toward the carbonyl group of α-substituents in the alcohol moiety of ester derivatives and/or thiol ester derivatives. I N is an indicator variable that takes the value of 1 for the amides and 0 for the other chemicals. I OR is an indicator variable that takes the value of 1 for the compounds whose Y moiety is an alkoxy or a hydroxy group and otherwise zero. I br is an indicator variable for the chemicals having a branch at any position in the X moiety of ketone derivatives. I (-) is an indicator variable coding enantiomeric effects. It takes the value of 1 for the (R)-(-)-isomer and zero for the (±) mixture. The hydrophobicity of the whole molecule is estimated by log P [35, 36] .
Equation (1) is quite complex, including a lot of parameters with their square terms while leading to rather modest results. Hansch and Leo [37] have tried to obtain a simpler model than Equation (1) by deriving a bilinear model [38] from the descriptors calculated by Nakayama et al. [35] . To do so, the L x , L x 2 , D, and D 2 descriptors were omitted and 10 chemicals were removed without justification. This led to Equation (2) . According to Hansch and Leo [37] , the relatively high standard deviations and low correlation coefficients of Equations (1) and (2) clearly called for further analyses. Consequently, recently, Devillers [39] has tried to compute a model presenting better performances while including a fewer number of descriptors. To do so, a three-layer perceptron (TLP) [40] was used as statistical engine to optimize the search for complex relationships between the pI 50 values recorded on A. aegypti and the molecular descriptors selected by Nakayama et al. [35] but without accounting for the squared terms. The original data set was randomly split into a learning set (LS), test set (TS), and validation set (VS) of 69, 8, and 8 chemicals, respectively. Use of L x , D, B x , log P, I N , I OR , and I (−) as input neurons in the TLP resulted in a model with good performances. Because with the Statistica™ software (StatSoft, Fr) a Boolean descriptor is encoded as two input neurons, a 10/4/1 TLP was designed. Such a TLP with a bias connected to the hidden and output layers and the use of the Broyden-FletcherGoldfarb-Shanno (BFGS) second-order training algorithm led to satisfying prediction results. The hidden and output activation functions were a hyperbolic tangent function and a negative exponential function, respectively. The convergence was obtained after 138 cycles. With such a configuration, the correlation coefficients for the LS, TS, and VS were equal to 0.92, 0.94, and 0.95, respectively. An overall correlation coefficient of 0.92 was calculated from the prediction results obtained with the three sets. The TLP model has been more robustly derived than Equation (1) and it shows better predictive performances. Thus, for example, inspection of the prediction results (not shown) revealed that 13 chemicals (15%) have residuals ≥0.8 (in absolute values) when Equation (1) is used to estimate the pI 50 values of the 85 studied 2,4-dodecadienones, while the use of the TLP model leads to more than twice fewer chemicals with a residual value ≥0.8 (7%). Other trials with random selections of 80% (LS), 10% (TS), and 10% (VS) of the data set and with the same TLP architecture led to broadly the same prediction results. In the same way, use of five or six neurons on the hidden layer increased the performances of the models. It is noteworthy that with such TLP architecture, most of the time, good performances were obtained on the TS and VS despite the high number of connections within the networks [39] . Basak et al. [41] also used the biological data reported by Henrick et al. [34] to derive various QSAR models, focusing on the selection of the most informative descriptors as well as the most efficient statistical method. They included a higher number of chemicals in their modelling process than Nakayama et al. [35] , Hansch and Leo [37] , and Devillers [39] . Thus, they considered 143 JHA values obtained on last larval instars of yellow fever mosquitoes and 35 censored data reported to be less than a given data.
The molecules were described by means of topostructural indices (e.g. Wiener number, Randic indices), topochemical indices (e.g. valence and bond connectivity indices, E-state indices), triplet indices and Balaban's J indices, geometric or 3D indices (Kappa shape indices) [42] , and atom pairs. Briefly, an atom pair was defined as a substructure consisting of two non-hydrogen atoms i and j and their interatomic separation: {atom descriptor i } − {sepa-ration} − {atom descriptor j }, where {atom descriptor} contains the information regarding atom type, the number of non-hydrogen neighbours, and the number of π electrons. Thus, for example, C1X2-6-O0X2 represents a carbon atom with one π electron and two non-hydrogen neighbours (atom #1) and an oxygen atom with no π electrons and two non-hydrogen neighbours (atom #2), with an interatomic separation (including both the atoms) of 6. Initially, 1173 descriptors were computed, including 915 atom pairs. Ridge regression (RR) [43] , principal component regression (PCR) [44] , and partial least squares (PLS) regression [45] were used as statistical tools, and the modified Gram-Schmidt orthogonalization was employed to trim the 258 global molecular descriptors to a size of 100. The leave-one-out cross-validated q 2 values obtained with the RR, PCR, and PLS methods equalled 0.361, 0.053, and 0.327 respectively. RR giving the best results, it was used to compute the models from atom pairs and from the whole set of descriptors after their trimming by means of the soft threshold method. On the basis of q 2 values, atom pairs provided the best results. Basak et al. [41] suspected that the use of a nonlinear method could improve the prediction performances. Thus, recursive partitioning [46] was used to capture any nonlinear relation between the JHA measured on A. aegypti and the global descriptors. The r 2 values obtained for the dendrograms and predictors that lead to significant splits in recursive partitioning equalled 0.54. While the different results obtained by Basak et al. [41] are interesting, the performances of their numerous models remain rather modest and the models obtained on A. aegypti do not outperform those obtained by Nakayama et al. [35] (Equation (1)), by Hansch and Leo [37] (Equation (2)), and by Devillers [39] .
It is noteworthy that while attempts were made to use 2D and 3D QSARs to propose chemical structures acting on the enzymes responsible for the degradation of JH of other insects [47] [48] [49] [50] [51] [52] , to our knowledge, no such strategies were used on A. aegypti as well as on the other species of mosquitoes.
Ecdysteroids
Ecdysteroids are steroidal structures, exemplified by the 20-hydroxyecdysone (Figure 1 ), involved in moulting and in other important events in A. aegypti adult females [53] [54] [55] . In addition to the animals, the ecdysteroids are also present in fungi and plants. In the latter group, more than 300 of them have been described so far, and the number of newly detected variants is about 10-20 analogues per year [55] . After the discovery and characterization of ecdysone it was expected that steroidal moulting hormone agonists might have insecticidal properties. In fact, the first commercialized ecdysteroid agonist was tebufenozide, a nonsteroidal structure (Figure 4 ), affecting the moulting process of A. aegypti and A. taeniorhynchus, through anomalies of the head capsules, the incorrect unfolding of the body after ecdysis, and a significant mortality at the highest concentrations, identified by the presence of a partially attached exuvium. Similar abnormal larval moults were observed in the crustaceans Artemia salina and Daphnia magna exposed to tebufenozide, but they were not as obvious as in the mosquito species [56] . Ecdysteroids bind to the ecdysone receptor (EcR) that functions through heterodimerization with a homologous ultraspiracle protein (USP). In A. aegypti, two EcR isoforms and two USP isoforms have been identified [57] . Attempts have been made to pinpoint the structural requirements for binding of chemicals to the A. aegypti EcR. A library of 35 cis-1-benzoyl-2-methyl-4-(phenylamino)-1,2,3,4-tetrahydroquinolines was prepared by Smith et al. [58] . The chemicals showed various substituents on the benzoyl ring, at the 4-position of the phenylamino ring, and at the 6-position of tetrahydroquinoline ring. The chemicals were tested for their ability to cause expression of a reporter gene downstream of an ecdysone response element in a mammalian cell line engineered to express the A. aegypti EcR [58] . Generally, compounds with small lipophilic substituents at the meta and parapositions of the benzoyl ring and hydrogen or fluorine at the 4-position of the phenylamino ring and the 6-position of the tetrahydroquinoline ring were the most potent [58] . In the same way, a set of 32 natural and 10 semi-synthetic ecdysteroids was assayed in murine 3T3 cells across 10 different ecdysteroid receptor (EcR) ligand-binding domains derived from A. aegypti and eight other arthropod species in an engineered gene switch format [59] . Some parallel ecdysteroid SARs were observed across species but no important facts were noted in A. aegypti.
Organotin compounds
Use of organotin chemicals in insect control is not new, and their effects on mosquitoes are rather well documented [60] . A series of triorganotin 2,2,3,3-tetramethylcyclopropanecarboxylates ( Figure 5 -left, R = CH 3 , C 2 H 5 , n-C 3 H 7 , n-C 4 H 9 , C 6 H 5 , and C 6 H 11 ) were synthesized by Song et al. [61] and were evaluated for their larvicidal activity against the second instar stage of the A. aegypti (IC 50 = concentration at which the test compounds killed 50% of the larvae). A simple QSAR model was then derived using the principal moment of inertia along the z-axis of the chemicals as molecular descriptor [61] . The data, after their conversion in molar concentrations, were used by Hansch and Verma [62] to derive Equation (3). log 1=IC 50 where π R encodes the hydrophobicity of the R substituents. Equation (3) suggests that chemicals with highly hydrophobic R-groups will be more active. In Equation (3), r 2 is the coefficient of determination, q 2 is the cross-validated r 2 obtained by using leave-one-out, Q is the quality ratio that is obtained by dividing the value of the correlation coefficient (r) by the standard deviation (s), and F is the Fisher statistics.
In a second step, two chemicals, C1 with R = n-C 3 H 7 and C2 with R = C 6 H 5 ) were randomly selected as external test set and the remaining chemicals were used to constitute a learning set that led to the design of Equation (4). Using Equation (4), residual values equal to 0.24 and 0.42 were obtained for C1 and C2, respectively.
Hansch and Verma [62] found a high mutual correlation (r = 0.944) between π R and the molar refractivity (MR) of the R group (Equation (5) Duong et al. [63] synthesized a series of 11 triphenyltin para-substituted benzoates ( Figure 5 -middle) and a series of 11 tricylohexyltin para-substituted benzoates ( Figure 5 right). In both series, R in para position was equal to H, F, Cl, Br, I, OCH 3 , OH, NO 2 , NH 2 , CH 3 , or C(CH 3 ) 3 . These chemicals were tested for their larvicidal activity against the second instar stage of the A. aegypti.
The data on triphenyltin para-substituted benzoates were used by Hansch and Verma [62] to derive Equation (6) The triphenyltin para-substituted benzoates with R = I, NO 2 , and C(CH 3 ) 3 were randomly selected as external test set compounds. The seven remaining compounds were used to compute Equation (7) . log 1=IC 50 ¼ À0:17ðAE0:10Þp R þ 0:40ðAE0:23ÞMR R þ 5:69ðAE0:13Þ (7) n = 7, r 2 = 0.896, s = 0.063, q 2 = 0.748, Q = 15.016, F = 17.231
Use of Equation (7) led to residual values of −0.20, 0.08, and −0.19 for the test set chemicals substituted by I, NO 2 , and C(CH 3 ) 3 , respectively.
The data on tricylohexyltin para-substituted benzoates were used by Hansch and Verma [62] to derive Equation (8) In Equation (8), E S−R is the Taft's steric parameter for R substituents. Chemicals with R = F, NO 2 , and C(CH 3 ) 3 were randomly selected to constitute an external test set. The seven remaining compounds were used to compute Equation (9) . log 1=IC 50 ¼ 0:17ðAE0:07Þp X þ 0:12ðAE0:05ÞE SÀX þ 5:71ðAE0:10Þ (9) n = 7, r 2 = 0.941, s = 0.040, q 2 = 0.651, Q = 24.25, F = 31.898
Use of Equation (9) led to residual values of −0.15, −0.24, and −0.08 for the test set chemicals substituted by F, NO 2 , and C(CH 3 ) 3 , respectively.
Song et al. [64] synthesized a series of 15 tris-(para-substituted phenyl)tins (X(para)-C 6 H 4 ) 3 SnY, were X = H, Cl, F, CH 3 and SCH 3 and Y = Cl, OH, and OAc) that were tested for their larvicidal activity against the second instar stage of the A. aegypti. The obtained toxicity data were used to derive a model including the kappa shape index and a modified form of this topological index, as molecular descriptors. Hansch and Verma [62] re-evaluated this QSAR leading to Equation (10) . Compounds X = SCH 3 and Y = Cl, OH, and OAc were not used to derive the model due to missing toxicity values. The parabolic relationship in π X in Equation (10) suggests that the lethal activity of the chemicals on larvae of A. aegypti increases with an increase in hydrophobicity of X-substituents up to an optimal value of π X = 0.36 and then decreases. It is noteworthy that a mono and biparametric QSAR model with π X and π X , π X 2 led to r 2 values of 0.016, and 0.553, respectively. The positive sign of σ + X in Equation (10) implies that highly electron-withdrawing substituents at position X (e.g., NO 2 , CN, CHO, CF 3 , COCF 3 ) will enhance the lethal activity of the chemicals [62] .
Chemicals with X = CH 3 or X = F or X = Cl and Y = OH were randomly selected to constitute an external test set. The nine remaining compounds were used to compute Equation (11) .
Use of Equation (11) led to residual values of 0.12, 0.04, and 0.16 for the test set chemicals substituted by X = CH 3 , F, and Cl, respectively. Equations (10) and (11) were used to predict the larvicidal activity of chemicals substituted with X = C≡CH, COOC 2 H 5 , or 4-pyridinyl and Y = Cl, OH or OAc. Chemicals with X = 4-pyridinyl were predicted as the most toxic against A. aegypti.
Hansch and Verma [62] combined the data of Song et al. [61, 64] and Duong et al. [63] to derive Equation (12) after elimination of three chemicals acting as outliers. where log P is the 1-octanol/water partition coefficient of the whole molecules. I 3 is an indicator variable taking the value of 1 or 0 for the presence or absence of tricyclohexyltin parasubstituted benzoates. I 4 is an indicator variable that encodes the presence or absence of tris-(para-substituted phenyl)tins. It is noteworthy that the simple equation with log P showed an r 2 value of 0.325. Nine chemicals were randomly selected as external test set. The 28 remaining compounds were used to compute Equation (13) . log 1=IC 50 Use of Equation (13) for predicting the larvicidal activity of the test set chemicals led to residual values ranged from 0.05 to 0.43. It is noteworthy that Hansch and Verma [62] derived similar QSAR equations for predicting the toxicity of organotin compounds against Anopheles stephensi.
A QSAR modelling approach based on a PLS analysis of multivariate image analysis (MIA) descriptors was applied to the combined data of Song et al. [61, 64] and Duong et al. [63] . The best model included five PLS components (r 2 = 0.805, q 2 = 0.525, r 2 test = 0.656) [65] .
Biopesticides

Bacteria
Bacillus thuringiensis (Bt) is a Gram-positive bacterium characterized by the production of parasporal crystalline proteic inclusions during its sporulation phase [66] . These inclusions contain proteins, called δ-endotoxins, which have proven to be specifically effective against crop pests and against insect vectors of diseases. Most δ-endotoxins belong to the Cry (crystal) family of proteins, but, in the diptericidal strains of Bt, they also include the Cyt (cytolytic) family of proteins [67] [68] [69] . Thus, B. thuringiensis subspecies israelensis (Bti) is applied worldwide for the control of mosquito larvae [70, 71] . Cry toxin proteins must be activated to be functional. Following ingestion of the inactive protoxin by the larva, the crystals are solubilized by the alkaline conditions in the insect midgut and are proteolytically converted into a toxic core fragment. The activated toxin binds to receptors located on the apical microvillus membranes of epithelial midgut cells. The activated toxin disrupts the membranes and allows ions and water to enter the cells leading to swelling, lysis, and ultimately the death of the larva [72] [73] [74] . Cyt toxins, which are not related phylogenetically to Cry toxins, do not bind to protein receptors. They directly interact with membrane lipids forming pores or destroying the membrane by a detergent-like interaction. Cyt proteins synergize the mosquitocidal activity of Cry toxins [75] . The structures of several Cry toxins, including Cry4Aa [76] and Cry4Ba [77] , have been solved by X-ray crystallography. Despite differences in their primary sequences and insect specificities, all the Cry toxins share a similar three-domain structure. Domain I consists of an α-helical bundle of six amphipathic helices that surround an inner hydrophobic helix. Domain II appears as a β-prism and consists of three antiparallel β-sheets. Domain III shows a β-sandwich structure formed by two antiparallel β-sheets. Domain I intervenes in toxin oligomerization, membrane insertion and pore formation. Domains II and III are both implicated in receptor binding. A role for domain III in pore formation has been also found [78, 79] . Specific receptors are necessary for Cry toxin action. In A. aegypti, alkaline phosphatase and cadherin proteins have been reported as putative Cry receptors [72, 80] . Receptor recognition by Cry toxins is the crucial step in their mode of action and hence, the limiting factor. In silico techniques offer valuable tools for identifying the key binding regions but also for improving the activity of toxins, and for developing strategies to cope with problems of resistances. Because Cry11Aa is the most active toxin found in the Bti crystal against A. aegypti, Fernández et al. [81] computed its 3-D structure from the Cry2A structure. They showed that the loop α-8 region in domain II was an important epitope involved in receptor interaction. B. thuringiensis serotype H-14 is a commercial mosquitocidal strain including Cry4Aa, Cry4Ba, Cry11Aa, and Cyt1Aa [71] . Cry4Aa is poorly active against the Aedes, Anopheles, and Culex genera while Cry11Aa is very active in all of them. Cry4Ba is active against Aedes and Anopheles but shows no activity against Culex [82] . The H-28a28c serotype is equipped differently in toxins and its Cry19Aa has been shown to be toxic against Anopheles stephensi and Culex pipiens but it is totally inactive against Aedes aegypti [83] . Abdullah and Dean [82] demonstrated that Aedes toxicity could be transferred to Cry19Aa by exchanging the loop regions of domain II to mimic Cry4Ba. First, homology modelling was used to compute the structure of Cry4Ba by using Cry3Aa and Cry4Aa as templates and the structure of Cry19Aa by using the derived Cry4Ba as template. The two model structures were aligned and the residues in domain II loops were noted. Loop residues of Cry19Aa were replaced with loop residues of Cry4Ba by site-directed mutagenesis. Two-day-old larvae of A. aegypti, C. pipiens, and C. quiquefasciatus and three-day-old larvae of Anopheles quadrimaculatus were used to test the mosquitocidal activities of the wild-type Cry19Aa and the mutant called 19AL1L2. The improvement of Aedes toxicity in Cry19Aa was 42,000 fold while the toxicity against the other species of mosquitoes was not affected (Table 1) [82].
Plant extracts and their constituent compounds
Large collections of plant extracts and their constituents have been screened against different species and stages of mosquitoes in order to estimate their potential repellent, larvicidal, pupicidal or adulticidal activity. Thus, a recent survey of the literature [84] showed that among 361 essential oils extracted from 269 plant species and tested for their larvicidal activity against A. aegypti, more than 60% of them were considered active with LC 50 values <100 mg/l. They were mainly extracted from species belonging to Myrtaceae, Lamiaceae, and Rutaceae. The most active essential oils showed effective concentrations comparable with the dosage recommended for using temephos in container breeding. Last, about 27% of the plants studied for their activity against larvae of A. aegypti were collected in Brazil. Dias and Moraes [84] also identified some key structural characteristics for larvicidal activity. They showed that lipophilicity played a key role in evaluating larvicidal activity. Interesting reviews were also published by Kishore et al. [85, 86] .
A set of compounds representing different classes of natural products, including polyacetylenes, phytosterols, flavonoids, sesquiterpenoids, and triterpenoids, was tested against larvae of A. aegypti [87] . Among these compounds, alantolactone and isoalantolactone ( Figure 6 ) showed an activity against first instar larvae of A. aegypti, the latter being more toxic than the former. Structural modifications were made on both chemicals in order to understand the functional groups necessary to maintain and expected to increase activity. These modifications included epoxidations, reductions, catalytic hydrogenations, and Michael additions to α,β-unsaturated lactones. Only the analogues of alantolactone showed interesting results. A relationship was made between larval toxicity and the number of C-atoms in Michael addition. In general, activity trends observed in the larval screening were not consistent with observations made with the adulticidal screening. The propylamine Michael addition analogue of alantolactone was the most active adulticide, showing an LC 50 value of 1.07 μg/mosquito [87] . Methyl vilangin [88] , embelin, and myrsinone [89] (Figure 7 ) are examples of p-benzoquinones present in plants. Because these compounds have shown larvicidal activity against A. aegypti, de Sousa et al. [90] investigated the SAR of six benzoquinones, namely p-benzoquinone, 2-methyl-p-benzoquinone, 2-isopropyl-p-benzoquinone, 2,6-dimethyl-p-benzoquinone, 2,5-dimethyl-p-benzoquinone, and thymoquinone. LC 50 values on third-instar larvae of A. aegypti ranged from 33 to 90 ppm. They showed that the number, position, and size of the substituent were the key factors governing the activity of these compounds [90] .
Santos et al. [91] identified structural characteristics responsible for the larvicidal activity of 14 monoterpenes against A. aegypti. The presence of heteroatoms in the basic hydrocarbon structure decreases the larvicidal activity. Conjugated and exo double bonds increase the activity. Replacement of double bonds by more reactive epoxides decreases the larvicidal activity [91] . QSAR equations were designed by Lucia et al. [92] from a set of six monoterpenes for predicting their larvicidal activity against A. aegypti. Unfortunately, the QSAR models were not valid. Eugenol, geraniol, coumarin, eucalyptol, and carvacrol ( Figure 8) were docked on the octopamine receptor and acetyl cholinesterase protein models of A. aegypti and Homo sapiens for comparison purposes [93] . On the basis of the total energy value, the order of binding efficiency of ligands to octopamine receptor model of H. sapiens was geraniol < octopamine < eugenol < eucalyptol < carvacrol < coumarin. Regarding the acetyl cholinesterase model in H. sapiens, the order was geraniol < acetylcholine < eugenol < coumarin < carvacrol < eucalyptol. In A. aegypti, the two sequences were geraniol < eugenol < octopamine < eucalyptol < carvacrol < coumarin and acetylcholine <geraniol < eugenol < coumarin < carvacrol < eucalyptol, respectively. Khanikor et al. [93] hypothesized that these differences could be exploited for designing safer mosquitocides.
Principal component analysis (PCA), consensus-PCA, and PLS analysis were used by Scotti et al. [94] to investigate the physicochemical properties governing the larvicidal activity against A. aegypti of 55 structurally diverse chemicals mostly found in plants. They showed that hydrophobicity was strongly correlated with activity.
In the same way, attempts have been made for identifying structural characteristics responsible for the adulticidal activity of chemicals found in plants against A. aegypti. Thus, dillapiol (Figure 9 -left) isolated from leaves of Piper aduncum L. and 13 semi-synthetic, C3 side-chain modified dillapiol derivatives were tested against adult females of A. aegypti [95] . It was shown that the length/structure of the C3 chain governed the activity of these molecules. Isodillapiol (Figure 9 -right) and methyl, propyl, and butyl derivatives exhibited greater mosquitocidal activity than dillapiol [95] . Pridgeon et al. [96] investigated SARs of 33 piperidines against adult females of A. aegypti. The toxicity of the piperidine derivatives was significantly decreased when a benzyl moiety was attached to the carbon of the piperidine ring (ethyl-> methyl-> benzyl-derivatives). When the same moiety was attached to the piperidine ring, the location of the substituted carbon conferred different toxicity and the 
Molecule repurposing
Insecticide repurposing
In the frame of a collective expertise directed by ANSES (French Agency for Food, Environmental and Occupational Health & Safety), an attempt was made to evaluate whether insecticides already marketed for specific usages could be used in vector control [97] . The SIRIS (system of integration of risk with interaction of scores) method [98] was used to rationalize the selection of these potential insecticides. Thus, 129 substances potentially active on mosquitoes were described by their (eco)toxicity (i.e. oral LD 50 in rat, carcinogenicity, endocrine disruption potential, LD 50 in honey bee, EC 50 in Daphnia, LC 50 in fish) and environmental fate (log P, vapour pressure, level of use, primary and ultimate biodegradation potential). Data were retrieved from literature, obtained from expert judgments or computed from QSAR and QSPR models. In the SIRIS method [98] , the values of the selected variables, which can be qualitative or quantitative, are transformed into modalities coded as favourable (f) or unfavourable (d) or as favourable (f), moderately favourable (m), or unfavourable (d). The variables are then ranked according to their decreasing order of importance. Indeed, unlike other multicriteria methods, it is not necessary to introduce coefficients, very often difficult to justify, in the calculation procedure to modify the final weight of the selected variables. Finally a min/max scale of scores is calculated according to specific incremental rules [98] . Both cat- egories of parameters were considered separately to construct two scales of SIRIS scores, from which a SIRIS map can be drawn. In addition two scenarios, one for the larvicides and another for the adulticides, were considered [97] due to the constraints imposed by the corresponding vector control strategies.
Thus, for example, the typology of the 129 insecticides characterized by their two SIRIS scores calculated from the two hierarchies selected for the larvicide scenario is displayed in Figure 11 . The SIRIS scores are ranged from 0 to 81 on the toxicity/ecotoxicity scale and from 10 to 52 on exposure/environmental fate scale. The insecticides located in the left bottom part of Figure 11 are the most interesting because they present low score values on the toxicity/ecotoxicity and exposure/environmental fate scales. This is the case, for example, for the insecticides #58 (cyromazine) and #86 (dicyclanil). At the opposite, the insecticides located in the top right part of Figure 11 are not suited for the selected scenario due to the high values of their SIRIS scores on both scales. Thus, for example, insecticide #117 (dichlofenthion) shows bad scores on both the toxicity/ecotoxicity and exposure/environmental fate scales. A substance can be correctly classified on one scale and with a high score on the other scale. Thus, formetanate (#61) is well located on the exposure/environmental fate scale but shows a rather high score on the toxicity/ecotoxicity scale. This is also the case for deltamethrin (#11) located in the right bottom part of Figure 11 . Bs (#4) and Bti (#5) are perfectly ranked on the toxicity/ecotoxicity scale, having SIRIS scores equal to zero, but they are a little bit less well ranked on the other scale. This is even more the case for the insecticides #88 (azadirachtin) and #127 (silafluofen). The insecticides located in the middle part of Figure 11 , such as metaflumizone (#68) or tau-fluvalinate (#85), are less interesting because they show rather high SIRIS scores on both scales. However, this does not mean that they have to be excluded from a future selection. Indeed, a map of SIRIS scores has to be considered as decision support tool. There are obvious selections for insecticides with low SIRIS score values on both scales, revealing favourable modalities for most of the criteria. At the opposite, a rejection is also obvious for insecticides with high SIRIS score values on the toxicity/ecotoxicity and exposure/environmental fate scales. Between these two extremities, all the intermediate situations exist. An insecticide with a low SIRIS score only on one scale can be selected after a reasoned decision. In this case, the SIRIS map allows us to pinpoint the criteria showing the worst modalities and, hence, for which it will be necessary to pay a special attention. In order to interpret more thoroughly the SIRIS map, specific information can be projected on it. The same strategy was used for the scenario for the adulticides (not shown here). However, it is noteworthy that the SIRIS analysis was performed on 114 insecticides because in our initial list, some insecticides can only be used as larvicides (e.g., Bti) [97] .
Use of this methodological strategy allowed us to propose a list of insecticides which could be used as adulticides and/or larvicides (e.g. formothion, acetamiprid, thiacloprid, cyromazine, thiamethoxam). Obviously, the different insecticides, which have emerged from the SIRIS analysis, are only potential candidates and risk assessment procedures are required before their use can be envisaged [97] .
Drug repurposing
G protein-coupled receptors (GPCRs) are highly targeted for the development of human drugs. They account for the main best-selling drugs and about 40% of all prescription pharmaceuticals on the market [99] . GPCRs have been identified in the genome of A. aegypti [100] and other mosquitoes [101] . These findings have provided a basis for the design of new insecticides. Biogenic amine-binding GPCRs are components of the nervous system of eukaryotes and include receptors that bind various neurotransmitters, among them dopamine which plays key roles in arthropods. Andersen et al. [102] showed that dopamine levels increased in females of A. aegypti following a blood meal, suggesting that dopamine might be involved in ovarian and/or egg development. Dopamine receptors (DRs) are classified as either D 1 -and D 2 -like based on their functional roles. Both have been identified in the A. aegypti genome and used as starting point by Meyer et al. [103] for the development of new mode-of-action insecticides. Molecular analysis was used to functionally characterize the putative DRs in A. aegypti, named AaDOP1 and AaDOP2. Their deduced amino acid (AA) sequences were analyzed to identify conserved structural features typically associated with biogenic amine-binding GPCRs and unique regions that could be potentially used for the design of new insecticides. Only a modest level of similarity was observed between the A. aegypti and human D 1 -like DRs, which shared between 47-54% AA identity among the transmembrane (TM) domains that represent the most conserved regions of GPCRs. In addition, comparison of the predicted TM domains from numerous invertebrate and vertebrate D 1 -like DRs showed that only 34% of the AAs were shared among all species included in the alignment. Heterologous expression of AaDOP1 and AaDOP2 in HEK293 cells showed dose-dependent responses to dopamine. Only AaDOP1 exhibited sensitivity to epinephrine and norepinephrine. AaDOP1 and AaDOP2 were not stimulated by histamine, octopamine, serotonin or tyramine. Meyer et al. [103] selected the AaDOP2 receptor for an antagonist screen of the Library of Pharmacologically Active Compounds (LOPAC 1280 ) due to its low constitutive activity and strong dopamine response. Fifty-one potential antagonists of the AaDOP2 receptor were identified, and among them 20 are known antagonists of mammalian dopamine receptors. Ten compounds were selected and tested for their activity in cAMP accumulation assays. Three of them revealed no significant antagonistic effects against AaDOP2.
The 10 selected hit compounds were also tested against the human D 1 receptor (hD 1 ) for species comparison purposes. Analysis of the results showed that amitriptyline and doxepin ( Figure 12 ) presented more than 30-fold selectivity for AaDOP2 compared with hD 1 . Both compounds were tested in A. aegypti larval bioassays. A single dose point test at 400 μM led to 93% of mortality for amitriptyline and 72% of mortality for doxepin both after 24h of exposure. LC 50 = 78 μM and LC 90 = 185 μM were observed for amitriptyline. In another study [104] , these authors also identified cis-(z)-flupenthixol and chlorpromazine ( Figure 13 ) with LC 50 values of 88 μM and 92 μM, respectively.
Challenging new sources of insecticides 7.1. Search for new neurotoxics
The ω-hexatoxin-1s are a family of 36-37-residue peptide neurotoxins found in spiders, and which block insect but not mammalian voltage-gated calcium channels. Because these hexatoxins show a high phylogenetic specificity, they are good candidates to develop new insecticides. In this context, Tedford et al. [105] used ω-hexatoxin-Hv1a as lead due to its low toxicity against vertebrates. 3D models of ω-hexatoxin-Hv1a pharmacophore were used as search terms for a screening procedure against a proprietary database of millions of compounds. This led to 8773 hits of commercially available molecules that were ranked and sorted based on their structural match to the ω-hexatoxin-Hv1a pharmacophore, log P, Lipinski's rules, and predicted solubility. Molecules were clustered by structural similarity leading to 2500 unique candidates. Among them, 1370 were easy to purchase and tested on larvae of A. aegypti and Spodoptera exigua. This led to characterization of a class of aryl triazines highly effective against both species. An example of compound very active against A. aegypti is given in Figure 14 .
Targeting the blood meal
A. aegypti but also Culex quinquefasciatus and Anopheles gambiae are anautogenous mosquitoes requiring a blood meal for egg development. Trypsin and chymotrypsin are the major digestive enzymes that digest the protein-rich blood meal in the midgut of the mosquito into free AAs that are used for vitellogenin biosynthesis and egg development. The control of trypsin synthesis in mosquitoes has been the subject of intensive investigations, some being based on in silico approaches [106] . Recently, Isoe et al. [107] showed that blood-fed mosquitoes were very sensitive to defects in COPI vesicle transport leading to about 90% by 72 h post blood meal. COPI refers to a specific coat protein complex initiating the budding process in the cis-Golgy membrane. Because golgicide A inhibits the COPI vesicle transport [108] , a collection of golgicide A analogues (GCAs) were synthesized and tested on mosquitoes by Mack et al. [109] . SAR studies showed that the pyridine ring was most easily manipulated without affecting the activity. Among the 18 synthesized GCAs, GCA-18 ( Figure 15) , with a significant structural change from GCA, showed the highest LC 50 value (i.e. 0.05 mM) in the second instar larvae of A. aegypti and Anopheles stephensi [109] .
Targeting chorion peroxidase
Although the chorion of mosquito eggs is a highly protected structure, it is susceptible to desiccation and appears non-resistant to the action of detergents. While oviposited eggs become rapidly dehydrated when moved to an extremely dry environment immediately following oviposition, in moist environments, the chorion becomes highly resistant to desiccation within 2 hours after oviposition [110] . This process is called chorion hardening and results from the structural modifications of chorion proteins, leading to their insolubilization. Li et al. [111, 112] have shown that both chorion peroxidase and phenoloxidase-catalyzed reactions are critical for the formation of an insoluble, desiccation-resistant chorion in A. aegypti. Recently, the A. aegypti chorion peroxidase was investigated as potential target by Alcantara [113] from homology modelling. The amino acid sequence of A. aegypti chorion peroxidase was downloaded from the NCBI website and uploaded to four homology modelling servers. Each of them automatically assigned a protein template for the uploaded AA sequence. The percentages of identity ranged from 30% to 33%. The highest percentage of identity was obtained with bovine lactoperoxidase (PDB ID 3q9k) as template. The protein model consisted of 36.1% α-helices and 1% β-strand. A putative ligand-binding site corresponding to the heme binding site in 3q9k was identified. It included 26 AA residues. Two decoy sites with smaller volume were also identified. The heme bound to bovine lactoperoxidase (PDB ID 3q9k) was uploaded to the ZINCPharmer server [114] to generate pharmacophoric features for screening the subset of natural products in the ZINC database [115] . Three chemicals were predicted to have tight binding to A. aegypti chorion peroxidase [113] (Figure 16 ).
Challenges of A. aegypti genomics
The A. aegypti genome [100] constitutes an invaluable resource facilitating the understanding of biological mechanisms at their basic molecular level and holds potential applications in the discovery of new targets to control the larvae and adults as well as new ways to prevent the diseases transmitted by this mosquito. However, genomic information would be of limited utility without the availability of databases and in silico tools to retrieve, clean, structure, compare, rank, cluster the data for specific applications [116] .
To date, significant advances have been made in the biology and physiology of the A. aegypti through the analysis of genomics information [117] [118] [119] [120] . It is also the case regarding the understanding of the mechanisms of resistance to insecticides. In insects, these mechanisms are complex including changes in the penetration, sequestration, target site recognition, and metabolism of the insecticides. Changes in behavioural traits leading to insecticide avoidance can also be observed [121] [122] [123] . In mosquitoes, resistance is mainly associated with target site modification and degradation alteration [124] . The former event involves Figure 15 . Structure of mutations while the latter occurs through the increase of insecticide degradation by means of an overproduction of detoxification enzymes such as cytochrome P450 monooxygenases (P450s or CYPs), glutathione-S-transferase, and carboxy/choline esterases [124, 125] . P450s are widely associated with resistance to insecticides, especially the pyrethroids used as adulticide [126] [127] [128] [129] . However, it is noteworthy that industrial xenobiotics are also inducers of cytochrome P450s in A. aegypti [130] . Nevertheless, as recently stressed by David et al. [131] , the understanding of which insecticides are metabolized by what cytochrome P450s would be of invaluable value in the design process of insecticides. Use of homology models and related modelling approaches play a key role in this process. They can also be used to better understand the mechanism action of cytochrome P450s. Thus, Chandor-Proust et al. [132] tried to characterize A. aegypti CYP6Z8 substrate selectivity and its ability to metabolize insecticides and industrial xenobiotics. For this purpose, a yeast expression system allowing the co-expression of any mosquito microsomal P450 along with its associated cytochrome P450-reductase (CPR) was created. Using this system, a functional microsomal membrane complex of CYP6Z8 and A. aegypti CPR was created and used to study the metabolism of xenobiotics including insecticides. The authors showed that permethrin, deltamethrin, DTT, temephos, diflubenzuron, imidacloprid, and propoxur were not significantly metabolized by CYP6Z8 while it was not the case for diethylstilbestrol or resveratrol. Importantly, they showed that CYP6Z8 metabolized 3-phenoxybenzoic alcohol and 3-phenoxybenzaldehyde, two metabolites produced by the action of carboxylesterase on the parent pyrethroid molecule leading to 3-phenoxybenzoic acid, which was shown to be the major metabolite produced in vivo and excreted without modification. To better understand why pyrethroids and their metabolites were metabolized or not by the CYP6Zs, homology modelling was used. Models were derived for A. aegypti CYP6Z6, CYP6Z8_bora, CYP6Z8_liv, and CYP6Z9 and for Anopheles gambiae CYP6Z1, CYP6Z2, CYP6Z3, and CYP6Z4. For each model, the docking modes of 3-phenoxybenzoic alcohol, 3-phenoxybenzaldehyde, 3-phenoxybenzoic acid, and deltamethrin were predicted. Experimental findings on CYP6Z8 and CYP6Z2 were confirmed as well as the same role of CYP6Zs in other mosquitoes and the production of similar metabolites. The inability of CYP6Z8 and CYP6Z2 to metabolize deltamethrin was also supported by homology modelling showing good binding scores but high clashes between active-site residues and substrate or within substrate itself [132] . It is noteworthy that homology modelling was also used by Lertkiatmongkol et al. [133] to study the role of P450s in the metabolism of pyrethroids in Anopheles minumus and by Chiu et al. [134] to study the metabolism of DDT by Anopheles gambiae CYP6Z1.
Concluding remarks
The geographical distribution of A. aegypti is expanding worldwide, leading to the emergence and re-emergence of the infectious diseases transmitted by this mosquito. This worrying situation is associated with a number of factors that include insecticide resistance, climate changes, societal behaviours, genetic modifications in pathogens, and changes in public health policy [97] . The spread of insecticide resistance poses a critical threat to the sustainability of the efforts made in vector control. As a result, there is a need to find molecules with new mechanisms of actions and, if possible, with a large spectrum of activity and a low toxicity against non-target organisms.
In silico approaches play a key role in this search strategy. From de novo design applied to existing structures or from natural substances extracted from plants or animals (directly or after chemical optimization), or from drug and agrochemical repurposing, various modelling strategies have been applied to find new larvicides and adulticides targeting mosquitoes. Indeed, while the present review focuses on A. aegypti, similar works, also interesting to consider, have been made on other mosquito species [135] [136] [137] [138] [139] [140] . The goal of our review was more to account for the diversity of the strategies used to find new chemicals active on A. aegypti rather than to catalogue all the studies in this domain. This diversity encompasses the chemical structures investigated, their true or supposed mechanism of action, the molecular descriptors, the used statistical method, etc.
For facilitating the analysis of the different published studies and avoiding some repetitions, the review was not split into larvicides versus adulticides while it would had been logical to do so. Most of the mosquito species spend a significant time in larval stage in aquatic media where they are rather accessible by the larvicides. Adult mosquitoes, in contrast, fly in search of mates, blood meals, or water for egg laying. They are widely distributed and not easily accessible by the adulticides. The treatment of larvae and/or pupae is at the basis of preventive vector control, while the treatment of adults corresponds with epidemic situations. It is obvious that there is a strong difference between both categories of chemicals. The targets are very often different, leading to different chemical structures. The environmental constraints are also different. Adulticides are directly in contact with human populations, while this is not the case with larvicides. Potential toxicological effects are much more important to consider for the former than the latter type of substance. Interestingly, it is worthy to note that environmental constraints can change over the time. Thus, for example, the JH mimics were considered as belonging to green chemistry; however, recently, their potential adverse effects on the development of non-target invertebrates has led to them being considered as endocrine disruptors [33, 141, 142] .
While various in silico approaches have shown their potential for estimating the activities and properties of nanomaterials [143] [144] [145] [146] [147] [148] [149] , and in the meantime nanomaterials are increasingly used in vector control [150] [151] [152] [153] , to our knowledge, no modelling methods have yet been used to optimize the design of nanostructures active on A. aegypti or other mosquito species.
Alternatives to insecticide-based vector control are the subject of intensive research worldwide [154] [155] [156] [157] . Nevertheless, the rational use of chemical substances remains the most operational strategy for controlling mosquito populations. Because the market for such substances is limited, it is obvious that in silico tools allow us to save time and money in the design of new insecticides.
